The effect of pressure application by hot isostatic press (HIP) during diffusion bonding on microstructure evolution and bonding strength was studied using a couple of an Fe-Al alloy (Fe-Al) and CrMo steel (CrMo). Columnar microstructure evolution from the joint interface to the CrMo side is suppressed and aluminum diffusion from Fe-Al to CrMo is retarded with pressure application. Refined microstructure with fine precipitates is observed in the CrMo side beyond the columnar grains of the couple bonded with pressure. The application of pressure decreases the bonding strength and the strain to failure. It is concluded that the application of pressure provides microstructure refinement and strong hardening in the CrMo side of the couple, although it is not beneficial for bonding strength.
Introduction
Diffusion bonding has been widely used to produce reliable interfaces between similar and dissimilar materials in electronic, nuclear and aerospace industries. 1, 2) Bonding across an original joint interface is achieved through a plastic collapse of surface oxides and subsequent atomic interdiffusion, recrystallization and/or grain growth with applying a moderate pressure.
3) Peterson et al. reported that temperature, pressure, and holding time are the three main variables governing the integrity of the diffusion bonding. 4) Moreover, mechanical and microstructural properties are the other important parameters in diffusion bonding. 5) According to Peterson et al., the bonding pressure is selected to cause local plastic flow of at least one component adjacent to the interface to plug the interfacial voids and disperse surface oxide. In this method, mating materials are brought into contact under a pressure far below the yield strengths of the materials, and the bonding temperature is selected to 0:7{0:9T m (T m is the melting point of the lower melting constituent). Then, the microstructure of the bond region is similar to that of regions remote from the joint interface and has parent metal properties.
6) Uni-axial low pressure of 3-10 MPa is typically applied to the materials, whereas isostatic high pressure of 100-200 MPa is applied by HIP (Hot Isostatic Press). 1) Since the application of high pressure by HIP eliminates the incorporated porosity and enables the bonding of materials, 7) it is expected to increase the bonding strength.
The authors have proposed composite laminates consisting of an iron aluminum (Fe-Al) alloy and a certain type of steel to provide the steel with additional properties, such as corrosion resistance, strength and light weight. [8] [9] [10] Fundamental studies using diffusion couples consisting of Fe-Al and steel have been carried out focusing on microstructure evolution, diffusion behavior and corrosion resistance. 11, 12) In the couple bonded at temperatures above A 3 (gamma to alpha transformation temperature), the columnar grains are evolved from the joint interface toward the steel side and strengthen the bonding between materials. DeLeeuw reported that effective diffusion bonding of SiC was achievable by applying interfacial pressure of 27 MPa from the measurement of the joint strength, while they did not study the effect of pressure application on microstructure.
13) The effect of high-pressure application by HIP during diffusion bonding on microstructure evolution has not yet been reported to the best of our knowledge. The objective of this paper is to explore the effect of pressure application on the microstructure evolution during diffusion bonding focusing on the development of columnar grains, and the bonding strength between the mating materials.
Experimental
The compositions of the Fe-Al alloy and the steel are Fe-20 at % Al (abbreviated as 20Al) and Fe-5.4 at % Cr-0.3 at % Mo (CrMo) steel, respectively. The composition of CrMo is similar to that of commercially produced alloys. All the samples were prepared by argon arc melting, followed by hot rolling of 20Al at 1273 K and cold rolling of CrMo to 5 mm resulting in approximately 50% reduction. 20Al exhibits equi-axed coarse grains ranging from 300 mm to 1 mm while CrMo exhibits a deformation microstructure.
Specimens of 5 Â 10 Â 10 mm 3 were sectioned from the rolled plates using an electro-discharge machine, and the contact surfaces were mechanically polished by SiC paper, and 1.0 mm alumina particles. The polished specimens were clamped by alumina jigs applying weak pressure. Diffusion bonding was conducted by two methods. For ordinary bonding, diffusion bonding was carried out at 1323 K for 3 h, 48 h and 96 h in a vacuum less than 2 Â 10 À3 Pa followed by cooling in a furnace. For bonding with pressure, the prebonded couples that underwent diffusion bonding at 1323 K for 3 h were isostatically pressed by HIP (Kobe Steel, O 2 -Dr. HIP) at 1323 K for 3, 48 and 96 h applying 196 MPa in an Ar atmosphere, followed by cooling in a furnace. The couples prepared by each method are described as DB and HIP in the above sequence. And each DB couple will be referred to as DB3, DB48 and DB96, when the bonding time was 3 h, 48 h and 96 h, respectively.
All the couples were cut into two pieces perpendicular to the joint interface, and their surfaces were mechanically polished by emery paper and alumina particles, followed by chemical polishing using a colloidal silica suspension with a particle size of approximately 0.04 mm. One of the pieces was supplied for microstructure observation, micro-Vickers measurement, XRD (PANalytical X'PERT MPD) and OIM (TexSEM Laboratories; linked with a Phillips XL-30 FEG SEM) analysis. The other piece was polished to the size of about 4:8 Â 4:8 Â 10 mm 3 and subjected to a mechanical shear test at a loading rate of 8:3 Â 10 À4 s À1 . Detail of the testing procedure is described elsewhere. 12) 3. Results and Discussion Figure 1 shows the optical micrographs of DB and HIP couples. The average length of columnar grains is indicated by the arrow on the left side of the micrograph. The columnar microstructure evolution from the joint interface toward the CrMo side is observed in all the couples. For the DB couples, equi-axed microstructures are observed beyond the columnar grains and its grain size increases with bonding time. For the HIP couples, fine microstructure with fine precipitates is observed in the same region of HIP48 ( Fig. 1(e) ) and HIP96 ( Fig. 1(f) ) while it is not observed in HIP3 (Fig. 1(d) ). The microstructure of HIP96 in this region is finer than that of HIP48. There is no difference in the microstructure of the 20Al side between the DB and HIP couples. Figure 2 shows a plot of the variation of the average length of the columnar grain (a) and the aluminum diffusion distance (b) against the bonding time. The diffusion distance of aluminum is defined as the distance between the joint interface and the site wherein the aluminum concentration is zero in the concentration profile. It can be seen that the growth rate of the columnar grains of the HIP and DB couples is 3.4 and 11.1 mm/h, respectively. The average length of the columnar grain is longer than the diffusion distance of aluminum in all the couples, which is similar to the previous studies. 9, 12) The increase rate of the aluminum diffusion distance in the DB couples is higher than that in the HIP couples. Consequently, the application of pressure suppresses the columnar grain evolution and retards the aluminum diffusion. Similar result is found in the couple of Fe-Al and a high carbon steel, and the retardation of aluminum diffusion is explained by the carbide phase (Fe 3 AlC) coexisting with ferrite in the high carbon steel.
Microstructures
14) The initial phase in CrMo before diffusion bonding was ferrite, and HIP treatment induces fine precipitates in the matrix. This precipitate might retard the aluminum diffusion from 20Al to CrMo and suppress the evolution of the columnar grains. Another possible explanation for the retardation of the aluminum diffusion could be provided in terms of the self-diffusion coefficient that decreases with the application of pressure due to the reduction of the equilibrium concentration of the vacancies. 15 ) Figure 3 shows the OIM map of DB48 (a), HIP48 (b) (c) and HIP96 (d). The OIM maps show the orientation of the crystalline lattice plane that is aligned with the surface. The average length of the columnar grain of DB48 is longer than that of HIP48, and a refined microstructure is observed in the CrMo side beyond the columnar grains in HIP48. The rectangular area in (b) is analyzed with fine step in OIM analysis (c), showing that each grain is divided by fine facets and some of the facets develop from the grain boundaries into the grain interior. Similar orientation map of HIP96 shown in (d) exhibits an extremely fine microstructure. Figure 4 shows XRD profiles of DB96 and HIP96 using a mono-capillary with 100 mm in diameter. X-ray beam was focused on the region of 1.5 mm away from the joint interface in the CrMo side. All the detected peaks in DB96 are assigned to bcc phase, whereas extra peaks other than bcc are detected in HIP96. It is speculated that these extra peaks are due to the precipitates observed in the CrMo side of the HIP couples. TEM study is in progress to identify this phase. Figure 5 shows a plot of hardness variation against the distance from the joint interface of the couples bonded with short time (a) and long time (b). The hardness changed continuously from the CrMo side to the 20Al side in the couples bonded with short time irrespective of pressure application. This hardness change is also found in the DB couples bonded with long time. On the other hand, the strong hardening in the CrMo side beyond the columnar grains is observed in the HIP couples bonded with long time (b), and the hardness of HIP96 is higher than that of HIP48. This hardening is due to the fine microstructure with precipitates, because the hardened region is well corresponding to the fine microstructure. The hardening is observed in a limited region in the CrMo side beyond the columnar grains, wherein aluminium does not exist. This suggests that chemical composition influences the evolution of fine microstructure. Moreover, it is interesting to note that the fine precipitates are observed in the same region. Consideration based on the free energy of the related phases is under way to elucidate the reason for the microstructure evolution. the joint interface, whereas the crack propagates along the joint interface (positions 2 and 3 in (a)) and deviates to the 20Al side (position 1 in (a)) in the DB3 couple. This implies that the bonding strength of the DB couple is higher than that of the HIP couple. From these results, it is concluded that the bonding strength is not controlled by the mechanical properties of the individual mating materials, but by the interdiffusion between the materials. If the bonding strength is controlled by interdiffusion, HIP treatment is not beneficial to increase the bonding strength, although it provides a hardening of the CrMo side.
Mechanical properties

Conclusions
(1) Columnar microstructure has evolved toward the CrMo side from the joint interface irrespective of pressure application. The average length of the columnar grain of the HIP couples is shorter than that of the DB couples. (2) The diffusion distance of aluminum of the DB couples is longer than that of the HIP couples. The average length of the columnar grain is longer than the aluminum diffusion distance in all the couples. (3) The refined microstructure with fine precipitates is observed in the CrMo side beyond the columnar grains in the couples bonded with pressure for long time and strong hardening is found in the region. (4) The bonding strength and the strain to failure decrease with pressure application, while they increase with an increase in the bonding time irrespective of pressure application. This implies that the bonding strength is controlled by interdiffusion between the mating materials.
